Introduction {#sec1}
============

The present perspective of the development of sustainable biobased chemistry and greener components of polymer materials has attracted both industrial and research-oriented applications.^[@ref1]−[@ref3]^ Hybrid nanocomposite coatings are a novel class of advance materials containing both a coating matrix and nanoparticles. A potential combination of the advantages of inorganic materials including high thermal and chemical stability, high hardness, high refractive index, etc. with those of the coating matrix such as processability, flexibility, low weight, etc. can enable a wide range of applications for these nanocomposites. The applications range from conventional plastics reinforcement to abrasion-resistant coatings,^[@ref4],[@ref5]^ optical devices,^[@ref6],[@ref7]^ catalysis,^[@ref8],[@ref9]^ memory devices,^[@ref10]^ electrical insulation in microelectronics and nanodielectrics,^[@ref11],[@ref12]^ integral capacitors,^[@ref13]^ fuel cells,^[@ref14]^ flame-retardant materials,^[@ref15],[@ref16]^ etc. However, in terms of bio-based hybrid nanocomposite coating, vegetable oils and nonisocyanate poly(hydroxyl urethane) (NIPHU)-based fabrication methods have widely attracted researchers and academics during the past few decades. NIPHU is an alternative green chemistry approach that can replace toxic isocyanate-based polyurethane production. However, the hydroxyl groups positioned at the α- and β-carbon in the NIPHU moiety promote adhesiveness and steric hindrance among polyurethane macromolecules.^[@ref17]^ Furthermore, the NIPHU networks become weaker owing to the steric hindrance of their hydroxyl moieties. Therefore, a casting temperature above 100 °C and a longer curing time are required^[@ref18]−[@ref20]^ to prepare NIPHU-based polymer materials. A recent study has reported a temperature of about 120 °C for the curing process to obtain NIPHU thick film materials.^[@ref21]^ Hence, it is possible to form NIPHU films at temperatures below 100 °C if their hydroxyl groups were coupled with some other functional nanomaterials.

Consequently, these functional nanomaterials can form covalent and/or strong hydrogen bonds along the polymeric backbone of the coating matrix. For example, to obtain high specific strength and promising reinforcing properties, organic polymer fillers, especially cellulose nanocrystals (CNCs), have been embedded in a wide range of polymer matrices.^[@ref22]^ CNCs exhibit a series of advantages, including high capacity to modify their surface by employing various functional molecules.^[@ref23]−[@ref28]^ In this regard, enhancement of the thermostructural properties of the TEMPO-oxidized/rapid cooled CNC (TEMPO/RC-CNC) has been reported recently.^[@ref29]^ The authors claimed that the additional rapid cooling (RC) treatment has significantly improved their material properties.^[@ref29]^ However, a TEMPO/RC-CNC-based reinforcement study of NIPHU was not reported until the present investigation.

On the other hand, inorganic nanoscale metal oxides such as ZnO, CeO~2~, and TiO~2~ are excellent UV-cutoff metal oxides, which provide photoprotection by scattering, reflecting, and absorbing UV photons.^[@ref30]^ Nonetheless, there are still some adverse effects such as the photocatalytic activity of these metal oxides, which degrades the polymer matrix of the nanocomposite coating. When these nanocomposites are exposed to UV irradiation, the weight accumulation in the nanocomposite may alter the mechanical properties, especially the elongation at break of the nanocomposite. However, the photocatalytic activity of these metal oxides can be minimized by introducing a barrier coating layer on the surface of the metal oxides. Thus, the nanocomposite film can be protected from the photodegradation effect. By considering all these facts, efforts have been made to study the synergistic effect of the TEMPO/RC-CNC (TARC) and APTMS-ZnO NPs on IR and UV absorption, and thermomechanical properties of the HBCS network. Furthermore, the optimum level of IR and UV absorption of the HBCS coating was determined in this study.

Results and Discussion {#sec2}
======================

Structural Harmonics of Epoxidation and 5-Membered Cyclic Carbonate of *J. curcas* Oil {#sec2.1}
--------------------------------------------------------------------------------------

The formation of CJCO via epoxidation is illustrated in the FTIR spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The C=O stretching vibration band of JCO was shifted from 1745 toward 1738 cm^--1^ after cyclic carbonation. The peak of −CH=CH-- at 1712 cm^--1^ was replaced by the epoxy ring with peaks at 846 and 823 cm^--1^ (circled in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and a characteristic peak of carbonate carbonyl at 1805 cm^--1^ appeared. Moreover, −CH~2~ scissoring and −C--O stretching of the ester can be observed at 1464 and 1167 cm^--1^, respectively.^[@ref17]^

![FTIR spectra of the conversion of JCO into the CJCO precursor via epoxidized JCO (EJCO).](ao9b04388_0001){#fig1}

Characterizations of TARC NPs {#sec2.2}
-----------------------------

A characteristic peak of the C=O stretching vibration of dimeric carboxyl groups was observed at 1728 cm^--1^ after RC ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The band at 1430 cm^--1^ was assigned to the crystalline nature, whereas the peak at 895 cm^--1^ was attributed to the amorphous system.^[@ref31]^ In-plane and out-plane deformations such as twisting, wagging, or stretching vibration of the different groups in nanocelluloses such as C--O, C--H, −O--H, and C--O groups were observed at 1160, 1111, and 1035 cm^--1^ respectively^[@ref17],[@ref32]^

![(a) FT-IR spectra of the MCC (microcrystalline cellulose), ARC (acid hydrolyzed and rapidly cooled cellulose nanocrystal), and TARC (TEMPO/RC-ARC); (b) TEM images of the TEMPO/RC-CNC (TARC) with different magnifications 1000 nm and (c) 200 nm.](ao9b04388_0002){#fig2}

TEM of TARC NPs was performed to investigate their morphology ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c) at two different magnifications. The nanocrystals were long and slender with a rod-like morphology and an average aspect ratio (length/width) of 13.22.

Characterization of APTMS-ZnO NPs {#sec2.3}
---------------------------------

The peak at 3459 cm^--1^ was assigned to the hydroxyl (−OH) stretching vibrations^[@ref28],[@ref29]^ of the ZnO NPs, as shown in the upper spectrum (blue line) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). It was observed that after successful APTMS functionalization over ZnO NPs, the peak corresponding to the −OH group overlapped with the corresponding peak of the N--H groups further and relocated into 3239 and 3136 cm^--1^, as illustrated in the lower spectrum (pink line) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a).

![FT-IR spectra of (a) as-prepared ZnO (line in blue color) and APTMS-treated ZnO (line in pink color) NPs and (b) X-ray diffraction patterns of ZnO NPs (green line) and APTMS-treated (basic condition) ZnO NPs (red line).](ao9b04388_0003){#fig3}

These stretching vibration peaks confirmed that the alkyd chain was present at the end terminal in APTMS having a secondary amine after functionalization on the ZnO surface. The characteristic peaks at 2923 and 2882 cm^--1^ correspond to the symmetric and asymmetric C--H stretching of the alkyd chain present in APTMS. The corresponding peaks of the bending vibration of the C--O groups and out-of-plane bending vibration of N--H were observed at 1593 and 1468 cm^--1^, respectively. Moreover, the influential broad and sharp consecutive bands, which were seen at 1319, 1101, 998, 753, and 498 cm^--1^, were attributed to the C--H in-plane bending and symmetrical stretching vibrations of the Si--O--Si bonds, Zn--O--Si bonds, N--H wagging, and Zn--O stretching vibrations, respectively.^[@ref33]^ The capping and the formation of covalent bonds between the ZnO NPs and −Si--O-- layer of APTMS were confirmed by the presence of Zn-O-Si stretching vibrations.^[@ref34]^

All diffraction peaks in the XRD pattern of the APTMS-ZnO NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) were assigned to the hexagonal wurtzite structure of ZnO with lattice parameters *a* = 3.2417, *b* = 3.2417, and *c* = 5.1876 Å according to JCPDS card 01-079-0205, and the data were in good agreement with previous studies. The data were in good agreement with previous work, and the difference between the XRD patterns of ZnO and APTMS-ZnO NPs was not observed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).^[@ref34],[@ref35]^ The average particle size of 33.00 nm was calculated using the Scherrer formula. The absence of any new peak and the identical intensity ratio *I*/*I*~max~ suggested that the preparation process of APTMS-ZnO changes neither the structure nor the shape of ZnO NPs.^[@ref34]^

Spectroscopic Analysis of the HBCS {#sec2.4}
----------------------------------

The peak at chemical shift of 7.24--7.25 ppm was attributed to the solvent observed in all spectra. The ^1^H-NMR spectrum of *Jatropha curcas* oil showed peaks between 5.5--5.32 ppm and 5.32--5.25 ppm, which were assigned to the C=C moiety and the sn--2 glycerol proton, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The peak at 4.34 ppm was attributed to the sn--1 and sn--3 glycerol protons. The characteristic peaks for the bisallylic proton of C18:2 and allylic protons of C18:2 and C18:1 were observed at 2.85--2.75 ppm and 2.1--2.0 ppm, respectively.

![^1^H-NMR spectra of (a) *J. curcas* oil (JCO), (b) epoxidized *J. curcas* oil (EJCO), (c) 5-membered cyclic carbonated *J. curcas* oil (CJCO), (d) coating matrix of the nonisocyanate poly (hydroxyl urethane) prepolymer and EJCO (NIPUB).](ao9b04388_0004){#fig4}

The −CH~2~ proton adjacent to C=O groups was visible at 2.4--2.3 ppm. The peak at 1.69--1.58 ppm was due to the proton −CH~2~, attached at the β-position of the fatty acid chain ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The protons of all the internal CH~2~ groups present in the fatty acid chain were observed at 1.41--1.24 ppm. The corresponding peak of the protons of the terminal methyl groups appeared at 0.93--0.88 ppm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The ^1^H-NMR spectrum of EJCO showed a peak region of 5.5--5.32 ppm, which was related to the disappearance of C=C with the formation of new peaks at 3.16--3.08, 3.08--2.96, and 2.96--2.89 ppm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). These peaks correspond to the protons of diepoxides of linoleic acid and epoxides of linoleic acid and their overlap to the epoxy oleic acid, respectively. However, in the ^1^H-NMR spectrum of CJCO ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), the peaks at 3.16--2.89 ppm, which was associated with epoxy protons, were observed to disappear with the formation of new peaks at 5.06--4.52 ppm corresponding to the protons of the CJCO groups.

New peaks appeared at 4.00--3.20 ppm in the ^1^H-NMR spectrum of the coating matrix ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), which was confirmed by the completion of the epoxy ring-opening reaction of EJCO with the hydroxyl groups of the NIPHU prepolymer. The spectrum did not show any peak of the epoxy and carbonate carbonyl groups. This result indicated the complete consumption of the epoxy groups by hydroxyl groups of the NIPHU prepolymer. The peak at 7.11--7.21 ppm corresponds to the −NH protons of the urethane groups.

Besides, the successful hybridization of the EJCO and NIPHU prepolymer by ring-opening and polymerization was evidenced by the ^13^C-NMR investigation. The peak of the unsaturated carbon atoms at 132 ppm disappeared ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) with the formation of a new peak at 57.3--56.5 ppm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), which was attributed to the carbon atoms of the epoxy groups. Additionally, a new peak at 60.8 ppm assigned to the carbonyl carbon of CJCO was observed, and there was no peak corresponding to the carbon atoms on epoxy groups([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The spectrum ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d showed new peaks at 66.8 ppm and 63.4 ppm resulting from the action of carbon atoms adjacent to the −O and −N atoms of the urethane group. The ^13^C-NMR peak of the carbonyl carbon atoms of urethane groups was observed at 158 ppm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). However, both of the peaks corresponding to the carbon atoms of unsaturated, epoxy, and carbonate carbonyl groups were not present in the ^13^C-NMR spectrum of the NIPUB ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d).

![^13^C-NMR spectra of (a) JCO, (b) EJCO, (c) CJCO, and (d) NIPUB.](ao9b04388_0005){#fig5}

Effect of NPs on the HBCS Polymer Network {#sec2.5}
-----------------------------------------

The condensation of the −OH groups of the TARC and the polymer network created an ether link, as illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The formation of this ester link decreased the −OH stretching vibration of the coating spectra. The drop of the corresponding FTIR signal ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) with the increase of the TARC content, i.e., from HBCS-1 to HBCS-5, confirmed this fact. In contrast, the sample HBCS-1 exhibited a significant peak of the −NH stretching vibration at 3300 cm^--1^, whereas no significant change was observed in the corresponding peaks of other samples. The effect of the TARC and APTMS-ZnO NPs on the polymer network of the HBCS was visible in the changes of the urethane stretching frequency ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). The peaks at 1736 and 1736--1664 cm^--1^ were attributed to the carbonyl and urethane groups of the polymer network. The incorporation of TARC NPs increased the peak intensity.

![FTIR spectra of (a) bionanocomposite coating incorporated with TARC-4 and APTMS-ZnO nanoparticles; (b) −O--H and −N--H stretching region; (f) urethane formation region; and (g) IR-absorption region.](ao9b04388_0006){#fig6}

![Biomacromolecular Polymer Network of HBCS Incorporated with TARC and APTMS-ZnO Nanoparticles](ao9b04388_0009){#sch1}

Consequently, sample HBCS-5 exhibited a higher peak intensity compared to the pristine NIPUB, whereas this was not noticeable in the HBCS-1 sample. This fact is another confirmation of the significant impact of the TARC NPs on the HBCS polymerization network. The spectra at 1638 cm^--1^ corresponding to a substituted amide group overlapped with the corresponding urethane peak^[@ref36]^ formed after the addition of the TARC and APTMS-ZnO. This might be due to the functional groups either the presence of amine groups in the APTMS-ZnO or the substitution reaction between the amine group of the urethane moiety and the carboxylic group in the TARC. It has also been observed that the peaks of the functional groups overlap to form a sharp peak at the amide peak position.

Besides, the newly formed hydrogen bonds between the substituted amine hydrogen and oxygen atoms shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} can also be attributed to this overlapping, thus contributing to the additional increase of the peak intensity. However, all samples excluding NIPUB and HBCS-3 show the same peak with almost the same intensity. The −N--H stretching vibration of the urethane groups was observed at 1548 cm^--1^ in which the samples HBCS-1 and HBCS-2 exhibit some enhancement in their peak intensity. This observation can be due to the presence of the secondary amine groups in the APTMS-ZnO NPs.

The IR-absorption capacity of the HBCS was studied based on the FTIR spectra ranging from 750 to 1250 cm^--1^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}g). Due to the thermoplastic properties of the NIPHU prepolymer, the pristine NIPUB sample exhibited a weak IR-absorption band within the selected range. The intense peaks of the HBCS sample with 5--25 wt % of NPs at 1176, 1096, 1060, and 772 cm^--1^ showed significant enhancement in their intensity compared to the pristine NIPUB. We attributed this effect to the overlap of the peaks of the newly formed covalent bond between the −OH group of the TARC and the polymer network ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Besides, the formation of the Si--O barrier layer around the ZnO nanoparticle surface after APTMS treatment also increased the intensity of the IR-absorption peaks. The sample HBCS-2 exhibited maximal IR-absorption capacity compared to other samples.

The effect of APTMS-ZnO and TARC NPs on −O--H and −N--H stretching frequencies was investigated by using the selected FT-IR region from 3500 to 3200 cm^--1^ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The absorption trend of the HBCS evidenced that there was a significant influence on the −O--H and −N--H stretching frequencies. Due to this fact, the selected FT-IR region ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b) was enlarged and studied deeply ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,d) using comparative analysis between the trends of the APTMS-ZnO NP composition, absorbance, and their peak positions ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e). The broad absorption peak of the pristine NIPUB shows the overlapped −O--H and −N--H stretching frequencies ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Sharp and shifting of absorption peaks with increased intensity toward the longer-wavelength region when the APTMS-ZnO content was increased in the coating system were observed. This observation could be due to two reasons: (i) the formation of hydrogen bonds between the secondary amine present in APTMS-ZnO NPs and the residual hydroxyl groups of the NIPUB polymer network.^[@ref37],[@ref38]^ This could be due to the inductive effect of the alkyl group on amine groups attached with it in APTMS-ZnO and the alkyl chain of the polymeric backbone on hydroxyl groups.^[@ref37]^ Thus, the basicity of both the amine nitrogen and hydroxyl oxygen was increased to make their protons involve in the bond formation.^[@ref37],[@ref38]^ Therefore, the composite network structure was comprised of OH--N bonds from hydroxyl groups to the amine nitrogen and NH--O bonds from the amine nitrogen to the hydroxyl oxygen,^[@ref37]^ as illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}; (ii) the reduction of the hydroxyl groups in both the TARC and the polymeric backbone of the coating matrix, where C~2~--OH and C~6~--OH groups of the TARC were involved in the bond formation, as illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![FT-IR spectra of the selected (b) −O--H and −N--H stretching regions; (c) −O--H stretching region; (d) −N--H stretching region of secondary amine; and (e) impact of NPs on the absorption peak height and peak position of the tested samples.](ao9b04388_0007){#fig7}

Thermal Stability Study of the HBCS {#sec2.6}
-----------------------------------

The thermal stability of the HBCS was evaluated using TGA-DTG analysis, in the temperature ranging from room temperature to 800 °C ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a,b). [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the characteristic temperatures of the HBCS samples for the characterization study of the degradation process. It was obvious that the sample HBCS-2 has the best onset temperature (*T*~onset~). This might be due to the stoichiometric distribution and uniform reinforcing density of the TARC and APTMS-ZnO NPs within the HBCS polymer network. Meanwhile, the composites with perfect architectures, i.e., the same stoichiometric ratio (1:1 (w/w)) of NIPHU prepolymer and EJCO such as HBCS-3 and HBCS-4, show a higher *T*~onset~ and an almost equal amount of char compared to the pristine NIPUB sample. However, the materials having a linear structure, HBCS-1 and HBCS-5, show low *T*~onset~. In the HBCS-1 sample, the low *T*~onset~ can be attributed to the decomposition of the amine content of the APTMS-ZnO NPs, whereas in the case of the HBCS-5 sample, the low *T*~onset~ was due to the decomposition of the TARC NPs.

![(a) TGA and (b) DTG curves of the HBCS as measured under nitrogen gas; (c) UV--visible spectra of the HBCS incorporated with TARC and APTMS-ZnO NPs. The vertical lines define the spectral ranges UVC, UVB, UVA, and visible regions.](ao9b04388_0008){#fig8}

###### Thermal Properties of the HBCS Incorporated with TARC and APTMS-ZnO NPs

  samples   *T*~onset~ (°C)[a](#t1fn1){ref-type="table-fn"}   *T*~d~ (5%) (°C)[a](#t1fn1){ref-type="table-fn"}   *T*~d~ (50%) (°C)[a](#t1fn1){ref-type="table-fn"}   char (%)[a](#t1fn1){ref-type="table-fn"}   PH[b](#t1fn2){ref-type="table-fn"}
  --------- ------------------------------------------------- -------------------------------------------------- --------------------------------------------------- ------------------------------------------ ------------------------------------
  NIPUB     234                                               292                                                367                                                 11                                         2B
  HBCS-1    218                                               280                                                370                                                 8                                          B
  HBCS-2    282                                               334                                                392                                                 8                                          H
  HBCS-3    263                                               325                                                385                                                 8                                          H
  HBCS-4    247                                               308                                                377                                                 8                                          H
  HBCS-5    209                                               283                                                370                                                 8                                          B

*T*~d~ (5%) and *T*~d~ (50%) of the char at 700 °C have been determined from TGA measurements.

Pencil hardness.

In contrast, the degradation temperature of urethane linkages was reported to be lower, ≈ 260 °C, for the NIPHU/epoxy hybrid material system,^[@ref39]^ where polypropylene glycol diglycidyl ether-based CJCO and the epoxy counterpart have been used for the synthesis. It was clear that the HBCS displayed higher degradation temperatures due to the urethane linkages. The trend was almost the same for *T*~d~ (50%). However, the materials having a linear structure, HBCS-1 and HBCS-5, have low *T*~onset~ values.

The thermal stability was seen to be very good for up to about 200 °C. The degradation temperature *T*~d~ (5%) of all samples was higher than 280 °C with a maximum of 325 °C for HBCS-3, and this might be the typical degradation temperature of urethane linkages. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} also illustrates the hardness data of the HBCS measured using a pencil hardness tester. Compared to the pristine NIPUB coating, the TARC and APTMS-ZnO NPs exhibited enhanced hardness.

The hardness of the HBCS samples was attributed to the increase of crosslinking density, which usually took place between the hydroxyl moiety of the coating matrix and the functional groups, including the carboxylic and amine groups of the NPs. However, the absence of the APTMS-ZnO nanoparticle content in the coating system will result in a drop in the hardness from H to B (HBCS-5 sample).

UV--visible Absorption Study of the HBCS {#sec2.7}
----------------------------------------

The UV absorption ability of the HBCS was investigated with respect to the samples ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c). The UV absorption of all HBCSs is important in the medium- and long-wave regions, UVB and UVA, respectively. In the short-wave region, the absorption in the UVC ray was lower than 0.25. The pristine NIPUB coating showed a narrow absorption curve with a maximum of about 0.6 at the border between UVB and UVA regions. The addition of APTMS-ZnO in the composite has increased the absorption and broadened and shifted the maximum long-wave region toward the region of UVA. All samples except the HBCS-5 sample showed significant absorption between 0.6 and 0.8 in the UVA region (320 nm \< λ \< 400 nm). The HBCS-1 sample with 20 wt % of APTMS-ZnO and the HBCS-2 sample with a mixture of respectively 5 and 15 wt % of TARC and APTMS-ZnO showed higher UV absorption values greater than 0.8 and broad absorption curves, which covered almost the whole UVB region ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}8c). This might be due to the high content of APTMS-ZnO NPs and their uniform dispersion in the HBCS. HBCS-5 that did not contain any APTMS-ZnO NPs shows low UV absorption as pristine NIPUB. The SEM images of ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04388/suppl_file/ao9b04388_si_001.pdf)) the pristine NIPUB and HBCS-4 samples showed that the hybrid coating system was successfully coated on glass surfaces without any NP aggregation, pinholes, or comet scratches. The morphology of these film surfaces revealed the uniform distribution of the NPs within the polymer matrix. The results indicated that the APTMS-ZnO NPs were responsible for the UV absorption process. At the long-wave edge of the UVA region, the absorption of the HBCS-5 sample was almost twice compared to the absorption of the pristine sample.

Conclusions {#sec3}
===========

In this study, NIPHU prepolymer/EJCO-based hybrid bionanocomposite coating systems were prepared with the incorporation of TARC and APTMS-ZnO NPs. The hybrid coating system was successfully coated on glass surfaces without any aggregates, pinholes, or comet scratches. Six series of the coating matrix of the −OH-terminated NIPHU prepolymer and EJCO were successfully prepared. The successful ring opening and polymerization of the EJCO and NIPHU prepolymer in the coating matrix were confirmed by ^1^HNMR and ^13^C-NMR spectroscopic investigations. The properties of the final HBCS were controlled by varying the compositional mixture of the TARC and APTMS-ZnO NPs. The IR and UV spectra of these coatings show dramatic changes after the incorporation of the TARC and APTMS-ZnO NPs, making these HBCSs attractive for future applications. The study showed that HBCSs with 5% of TARC and 15% of APTMS-ZnO (HBCS-2) exhibited a uniform crosslinking and reinforcement network. However, when the TARC content increased up to 10% (HBCS-3), not only the *T*~d~ (50%) of the HBCS dropped to 385 °C from 392 °C, but the IR and UV absorption properties also decreased significantly, which might be a result of the lower content of Si-O-capped ZnO NPs in the HBCS-3 and their weaker reinforcement. It was clear that enhancement in IR absorption can be achieved by the introduction of Si-O-capped ZnO NPs and the inherent reflectivity of wide-gap ZnO NPs. The uniform crosslinking and reinforcement of the network in HBCS-2 provided optimal UV and IR absorption properties to the hybrid bionanocomposite coating system.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

*J. curcas* oil was supplied from Wahum Edible Oil Sdn. Bhd. (Cyberjaya, Malaysia). Microcrystalline cellulose and all the remaining chemicals such as (2,2,6,6-tetramethylpiperidin-1-yl)oxy radical (TEMPO), Zn(NO~3~)~2~.4H~2~O, (3-aminopropyl)trimethoxysilane (H~2~N(CH~2~)~3~Si(OCH~3~)~3~, 1,3-diaminopropane (DM), tetrabutylammonium bromide (TBAB), CO~2~, tetrahydrofurene (THF), xylene, dimethylformamide (DMF), perchloric acid, denatured ethanol, KOH, sodium bicarbonate, and trimethylamine were purchased from Sigma-Aldrich (Kuala Lumpur, Malaysia).

Synthesis of epoxidized *J. curcas* oil (EJCO) and cyclic carbonate *J. curcas* oil (CJCO) {#sec4.2}
------------------------------------------------------------------------------------------

EJCO and CJCO were prepared as described previously elsewhere.^[@ref17],[@ref40]^ In brief, *J. curcas* oil (100 g) was epoxidized with hydrogen peroxide (115.6 g, 50% (w/v)) and actuated using 4.6 g of formic acid. A portion of EJCO (100 g), which was already prepared, was used to form CJCO, with the aid of TBAB catalysis (3.5 g) using a pressure reactor at 120 °C and 2.0 MPa,^[@ref17]^ as shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. TBAB was separated by solvent separation techniques using diethyl ether and vacuum distillation. The viscosity of the samples increased with respect to functional density in the order of JCO\>EJCO\>CJCO\>NIPUB, and the values are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04388/suppl_file/ao9b04388_si_001.pdf). The reaction mechanisms of epoxidation and cyclic carbonation processes are illustrated at [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} using equations 1 and 2.

![Schematic Illustration of Stepwise Functional Modifications of CJCO from *J. curcas* Oil](ao9b04388_0010){#sch2}

![Schematic Diagram of the Plausible Reaction Mechanism According to the Carbonation and Ring-Opening Polymerization Reactions](ao9b04388_0011){#sch3}

Preparation of the NIPHU Prepolymer and Coating Matrix {#sec4.3}
------------------------------------------------------

The preformed CJCO was used to initiate a cyclic carbonate aminolysis with 1,3-diaminopropane to synthesize the NIPHU prepolymer in the presence of trimethylamine at 70 °C for 4 h in THF as illustrated in equation 3 of [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}.

The coating matrix was produced by blending the NIPHU prepolymer with EJCO (1:1 (w/w)) aided by the action of H~2~SO~4~ at 70 °C in THF for 1 h. Equations 4 and 5 of [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} illustrate the reaction mechanisms of the catalyst activity of H~2~SO~4~ in the epoxy ring-opening reaction and possible nucleophilic attraction of the hydroxyl groups of the prepolymer toward oxirane carbons.

Acid Hydrolyzed, TEMPO-Oxidized, and Rapidly Cooled Cellulose NPs {#sec4.4}
-----------------------------------------------------------------

Carboxylic acid-functionalized cellulose NPs were prepared by a two-step process as described previously.^[@ref29]^ First, 10.2 g of microcrystalline cellulose was hydrolyzed at 45 °C in a conical flask using 64% sulfuric acid for 130 min. The hydrolysis was quenched by adding ethanol and 10-fold cold Millipore water at a temperature lower than 4 °C. The neutralized freeze-dried cellulose NPs were carboxylic functionalized as illustrated in [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"} using a TEMPO/NaBr/NaClO system with a mole ratio of 0.1 mmol/0.9 mmol/8 mmol/g cellulose in 100 mL Millipore water. The carboxylic functionalization was controlled by the pH of the reaction system. The resultant slurry was freeze-dried to obtain carboxylic acid-functionalized cellulose NPs (TARC).

![Schematic Diagram of Regioselective Oxidation of Cellulose Primary Alcohol Groups](ao9b04388_0012){#sch4}

Preparation of APTMS-Treated ZnO NPs (APTMS-ZnO) {#sec4.5}
------------------------------------------------

ZnO NPs were prepared using a technique described elsewhere^[@ref41],[@ref42]^ with some modifications, as illustrated in [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}. In detail, zinc nitrate (0.5 M) was added drop by drop to a solution of 0.5 M sodium carbonate under vigorous stirring. The precipitate was then washed thoroughly with distilled water and ethanol, which was then allowed to dry before being placed in an air circulating oven at 80 °C for 2 h. The dry powder was calcined at 650 °C for 3 h and ball-milled to obtain ZnO nanopowder. The prefabricated ZnO NPs (3 g) were dispersed in 100 mL of an ethanol/distilled water mixture (80/20 (v/v)) for 30 min. Then, 2.0 mL of APTMS was applied to the dispersion followed by 130 mL of 95% absolute ethanol and 70 mL of distilled water. The mixture was stirred for 24 h at room temperature. APTMS-ZnO NPs were filtered by gravity filtration, then dried at room temperature for 12 h and ball-milled for 5 h to obtain average size particles of 33.00 nm at 200 rpm.

![Schematic Illustration of the APTMS Treatment of ZnO Nanoparticles](ao9b04388_0013){#sch5}

Fabrication of the Hybrid Bionanocomposite Coating System (HBCS) {#sec4.6}
----------------------------------------------------------------

The coating matrix already formed was used to fabricate the HBCS that comprises TARC and APTMS-ZnO NP suspensions. The suspensions were prepared by dispersing 0.18 g of the respective NPs separately in 100 mL of DMF. Four compositions of HBCS were synthesized with TARC suspensions of 0.3, 0.6, 0.9, and 1.2 g containing 0.4, 0.3, 0.2, and 0.1 g of the APTMS-ZnO suspension, respectively. The xylene and dimethylformamide (80/20 v/v) solvent mixture was used as the coating solvent. The corresponding weight percentages of the nanoparticle suspensions were 5, 10, 15, and 20 wt % for TARC and vice versa for APTMS-ZnO, as presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The HBCSs were cast on glass substrate surfaces using a spin coater and then cured at 90 °C for 72 h.

###### Composition (g) of the HBCS Incorporated with TARC and APTMS-ZnO NPs

  samples   NIPHU-PP[a](#t2fn1){ref-type="table-fn"}   EJCO   SM[b](#t2fn2){ref-type="table-fn"}   TARC (wt %)   APTMS-ZnO (wt %)
  --------- ------------------------------------------ ------ ------------------------------------ ------------- ------------------
  NIPUB     3.0                                        3.0    1.4                                                 
  HBCS-1    3.0                                        3.0    1.4                                  0.00          20.00
  HBCS-2    3.0                                        3.0    1.4                                  5.00          15.00
  HBCS-3    3.0                                        3.0    1.4                                  10.00         10.00
  HBCS-4    3.0                                        3.0    1.4                                  15.00         5.00
  HBCS-5    3.0                                        3.0    1.4                                  20.00         0.00

PP-prepolymer.

Solvent mixture.

Characterizations {#sec4.7}
-----------------

The molecular weight distribution of the samples was obtained by gel permeation chromatography (GPC-THF system). Fourier transform infrared (FTIR) spectroscopic analysis of the specimens was performed using a PerkinElmer Spectrum 400 FTIR spectrometer (PerkinElmer, Waltham, MA, USA) at room temperature with a resolution of 4 cm^--1^ and 32 scans per recording over a wavenumber range of 4000--400 cm^--1^. X-ray diffraction (XRD) analysis of the prefabricated ZnO and APTMS-ZnO NPs was performed using a Siemens D5000 system. The crystallite size of the NPs was evaluated from the X-ray powder diffraction data using the Scherrer formula *D*~hkl~ = *K*λ/(βcosθ), where *D*~hkl~ is the mean size of the ordered crystalline grain, *K* is a dimensionless shape factor (0.89), λ is the X-ray wavelength of the Cu target (0.1542 nm), β is the full width at half maximum (FWHM) intensity (in radians), and θ is the Bragg angle (in degrees). Ultraviolet--visible (UV--vis) absorption spectra were investigated within the wavelength range of 200--1400 nm. The test samples such as *J. curcas* oil, EJCO, CJCO, and NIPUB (10 mg) were dissolved in 0.5 mL of deuterated chloroform (CDCl~3~) in a 5 mm nuclear magnetic resonance (NMR) tube separately for ^1^H- and ^13^C-NMR analyses. Thermal stabilities (TGA and DTG) of the pristine and HBCS samples were determined using a TGA 8516 (Mettler-Toledo DmbH thermoanalyzer), where 10 mg of the samples was heated to 800 °C in a nitrogen atmosphere at room temperature at a heating rate of 10 °C/min. Transmission electron microscopy and SEM were used to examine the morphology of the TARC NPs and film surfaces, respectively.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04388](https://pubs.acs.org/doi/10.1021/acsomega.9b04388?goto=supporting-info).Physiochemical properties; comparison of the functional monomers; typical SEM images; comparison of the pristine and nanocomposite samples prepared shown in Figure S1 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04388/suppl_file/ao9b04388_si_001.pdf)).
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